Although it is widely accepted that the local structure of liquid water has tetrahedral arrangements of molecules ordered by hydrogen bonds, the mechanism by which water molecules switch hydrogen-bonded partners remains unclear. In this mechanism, the role of nonhydrogen-bonded configurations (NHBs) between adjacent molecules is of particular importance. A molecule may switch hydrogen-bonding partners either (i) through thermally activated breaking of a hydrogen bond that creates a dangling hydrogen bond before finding a new partner or (ii) by infrequent but rapid switching events in which the NHB is a transition state. Here, we report a combination of femtosecond 2D IR spectroscopy and molecular dynamics simulations to investigate the stability of NHB species in an isotopically dilute mixture of HOD in D 2O. Measured 2D IR spectra reveal that hydrogen-bonded configurations and NHBs undergo qualitatively different relaxation dynamics, with NHBs returning to hydrogen-bonded frequencies on the time scale of water's fastest intermolecular motions. Simulations of an atomistic model for the OH vibrational spectroscopy of water yield qualitatively similar 2D IR spectra to those measured experimentally. Analysis of NHBs in simulations by quenching demonstrates that the vast majority of NHBs are in fact part of a hydrogen-bonded well of attraction and that virtually all molecules return to a hydrogen-bonding partner within 200 fs. The results from experiment and simulation demonstrate that NHBs are intrinsically unstable and that dangling hydrogen bonds are an insignificant species in liquid water.
O n average, molecules in liquid water are tetrahedrally coordinated but appear to engage in 10% fewer hydrogen bonds than in ice. Support for this estimate comes broadly, from latent heats of melting and vaporization, from x-ray and neutron scattering, and in very detailed form from molecular dynamics (MD) simulations (1) (2) (3) . The role of nonhydrogen-bonded configurations (NHBs) in water's rapidly changing structure remains uncertain, lying at the heart of differences between mixture and continuum models of water (1, (3) (4) (5) (6) (7) (8) . Implicitly or explicitly, the interpretation of many experiments and MD simulations conceives of NHBs as broken or dangling hydrogen bonds, stable species that interconvert with a hydrogen-bonded configuration (HB) at a rate determined by the free energy barrier separating them. But it is also possible that NHBs are intrinsically unstable species that appear transiently during natural fluctuations about a hydrogen bond or when molecules trade hydrogen-bonding partners. These two scenarios not only provide qualitatively different interpretations of water's structure and how it evolves, but also imply different pictures for how water mediates chemical and biological processes. We have distinguished between these scenarios by using a combination of femtosecond 2D IR spectroscopy and MD simulations, finding that NHBs are inherently unstable, reforming hydrogen bonds on the time scale of water's fastest intermolecular motions.
The OH stretching vibration of an HOD molecule in D 2 O is particularly sensitive to the hydrogen bonding environment of the proton. The absorption spectrum of the OH stretch peaks at a frequency several hundred wavenumbers lower than in the gas phase, with a breadth (260 cm Ϫ1 ) reflecting a diverse distribution of microscopic environments. MD simulations confirm the expectation that the high-frequency (blue) side of the spectrum represents HOD molecules that interact weakly with their available hydrogen-bonding partner, whereas those involved in strong hydrogen bonds absorb at lower (red) frequencies (9) (10) (11) (12) . Femtosecond spectroscopies that probe the time evolution of the OH stretching frequency, OH, for selected groups of molecules therefore provide a glimpse of changing HBs (12) (13) (14) (15) (16) (17) (18) (19) .
Fig . 1A quantifies the ability of OH to discriminate between HB and NHB species. The plotted distributions were obtained from MD simulations with a conventional geometric criterion for detecting hydrogen bonds (12) . They establish relative probabilities of HBs and NHBs but do not indicate the time scale or mechanism of interconversion. Indeed, many dynamical scenarios are consistent with these static results. Fig. 1 B and C illustrates 2D free energy surfaces representing such pictures (1) . In either case trajectories spanning the vertical coordinate involve switching of hydrogen-bonding partners, but they differ fundamentally through the presence or absence of a barrier separating HBs from NHBs. In Fig. 1B , a free energy barrier separates HB from a stable NHB state, and switching trajectories may dwell in a region where the OH group lacks a hydrogenbond acceptor. In Fig. 1C NHB is instead an unstable species, appearing fleetingly as the system traverses the transition-state region. Conceptually, one could distinguish between these two scenarios by observing how frequency distributions prepared in different regions of these free energy surfaces evolve in time. The presence of a barrier between NHB and HB implies a separation of time scales for fast fluctuations within basins of attraction and for crossing the barrier between them. If this scenario were accurate, the persistence time of molecules prepared in the NHB state should exceed the time scale of an orientational or translational hydrogen-bonding fluctuation, typically Ͻ200 fs (20, 21) . By contrast, if NHB species exist only transiently, a frequency distribution prepared on the blue side would relax to line center on this time scale.
2D IR spectroscopy probes the stability of NHB species by measuring the time development of OH oscillators that initiate from HB and NHB environments. Analogous to the COSY experiment in NMR, 2D IR spectroscopy is a Fourier transform technique that uses an excitation sequence of femtosecond IR pulses with variable time delays. A 2D IR correlation spectrum, displayed as a function of two frequency axes ( 1 and 3 ), is
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closely related to the joint probability that a molecule has an initial excitation frequency 1 and arrives at a target frequency 3 after waiting a time 2 . The 2D IR spectrum has a positive peak corresponding to the fundamental transition (v ϭ 1 4 0) and a negative peak corresponding to induced absorption (v ϭ 2 4 1), separated by a nodal line. More specifically, we measure the 2D IR lineshape as a function of the waiting time, 2 . The contours of the 2D IR spectrum change as 2 increases because the OH frequencies shift as molecular environments evolve (22) . A distribution of frequencies that is static during 2 yields a lineshape that is elongated along the diagonal ( 1 ϭ 3 ) by the distribution of environments and broadened along antidiagonal slices [( 1 ϩ 3 )͞2 ϭ ⍀] by the dynamics of the fluctuations of molecules at frequency ⍀ (23). When environments interconvert on a time scale faster than 2 , the lineshape for each resonance has a circular symmetry that reflects the statistical independence of 1 and 3 . Measurements of the change in the lineshape from diagonal to symmetric as 2 is increased can be used to characterize the average amplitude and time scales of frequency fluctuations through a correlation function
2 , but more generally reveal how one frequency evolves to another. A more detailed description of 2D IR spectra including experimental procedures can be found in Figs. 5 and 6 and Supporting Text, which are published as supporting information on the PNAS web site.
Fig. 2A displays experimentally measured 2D IR spectra of the OH stretch of HOD in D 2 O for a variety of waiting times. In a broad sense the spectra evolve in a manner predicted by our previously measured frequency correlation function (21) . This loss of correlation is best seen in the rotation of the nodal line separating the negative and positive peaks. At early times the lineshapes are elongated. As the waiting time increases, the node rotates, becoming nearly parallel with the 1 axis. The slope of the nodal line compares favorably with predictions based on our correlation function (Fig. 2C ), which has a correlation time of 340 fs for the randomization of all OH frequencies. However, as an ensemble averaged measure of spectral fluctuations, C(t) cannot distinguish dynamics of HBs and NHBs.
The asymmetry of the 2D IR lineshapes even at early waiting times is more revealing. It arises from qualitatively different spectral relaxation mechanisms for the red and blue sides of the lineshape, indicating a difference in relaxation time scales for HB and NHB species. Antidiagonal slices through the lineshape, indicated in Fig. 3A , demonstrate that the blue side (⍀ blue ϭ 3,515 cm Ϫ1 ) is broader than the red side (⍀ red ϭ 3,270 cm Ϫ1 ). The inverse line width for the blue slice is a qualitative measure of the lifetime of the NHB species and indicates that molecules initially in NHBs return to frequencies associated with HB species on the time scale of the most rapid hydrogen-bonding fluctuations (Ͻ150 fs). † † If NHB was a stable species as depicted in Fig. 1B the 2D IR lineshape would appear markedly different from the measured spectra. The well established inverse proportionality between OH and OH line width (16, 24) can be used to predict the 2D IR lineshape for two versions of the stable NHB scenario. One consists of two stable species (Fig. 3B) , whereas the other postulates a continuous distribution of stable species with varying hydrogen-bond strength (Fig. 3C) . Both pictures would lead to a 2D IR lineshape at short waiting times that is preferentially broadened on the red side of the line as opposed to the blue side. The case in Fig. 3C most clearly matches the interpretation of Fayer and coworkers (18, 19) , who measured qualitatively similar 2D IR spectra for the OD stretch of HOD in H 2 O. They concluded that time scales up to 2 ϭ 400 fs reflect fluctuations about relatively fixed structures, with less constrained local structures on the blue side.
MD simulations allow us to examine the microscopic origins of the 2D IR spectra in mechanistic detail (9) (10) (11) (12) . The simulation strategies we used to compute C(t) for an atomistic model based on the SPC͞E (simple point charge extended) pair potential (12) apply directly to calculations of 2D IR correlation spectra. Computed lineshapes, plotted in Fig. 2B and for comparison in Fig. 3D , closely resemble the corresponding experimental results in several key features. Most importantly, the blue side of the lineshape broadens along the 3 axis more rapidly than the red side does. The antidiagonal slices in Fig. 3D highlight this fact. As in the experimental measurements, the slope of the nodal line decays with a time dependence determined by C(t) (Fig. 2D) .
To determine the origins of computed spectral features in terms of hydrogen-bond dynamics, we must categorize HB and NHB. Convenient and standard geometrical criteria for identifying hydrogen bonds use only the instantaneous O-H⅐⅐⅐O distance (R OO ) and O-H⅐⅐⅐O angle (␣) between HOD and the molecule proximal to the H atom (25) . These criteria are useful for diagnosing the stability of NHBs in either of the scenarios depicted in Fig. 1 B and C. We designated molecular arrangements with R OO Ͻ 3.5 Å and ␣ Ͻ 30°as HBs and those with larger distances or angles as NHBs. Although these cutoff values are arbitrary, different choices do not change our conclusions. If NHB is stable, then short trajectories initiated from this state should remain in NHB with high probability. Any barrier impeding hydrogen-bond formation will become even more pronounced if we continually remove kinetic energy from the system. ‡ ‡ Applied to typical H 2 O or D 2 O configurations, such rapid quenching produces ''inherent structures'' (26) of the liquid, in which Ϸ98% of the molecules donate two hydrogen bonds. These structures do not have the long-range order of ice, demonstrating that even disordered liquid environments can accommodate a saturated network of hydrogen bonds. † † The duration of the pulses (45 fs full width at half maximum) determines the instrumental time resolution, which is fast enough to resolve all spectral relaxations in water. Even so, the time resolution for the 2D IR experiment is not dictated by pulse length alone but by the time scales of spectral fluctuations. A finite time period ⌬ is required to select a frequency resolution of width ⌬ Ϸ 2͞⌬. The microscopic dynamics blur the transition frequencies during ⌬ so that the observation loses dynamic information over this interval. The shortest measurable time interval in a 2D IR experiment of the OH stretch of HOD in D2O, determined by the inverse of the antidiagonal linewidth, is ⌬1 ϩ 2 ϩ ⌬3 տ 150 fs. This time is faster than all intermolecular motions in water except for librations. ‡ ‡ Quenching liquid configurations to nearby potential energy minima is a useful strategy for exploring basins of attraction provided the NHB state is not stabilized by entropy. An appreciable entropic contribution seems a priori unlikely, given the few constraints imposed by a single hydrogen bond. This expectation is confirmed by the rapid decay of NHB populations shown in Fig. 4 . Details of the quenching procedure can be found in Supporting Text. Fig. 4 . Time-dependent hydrogen-bond populations at room temperature for the 7% of molecules with ͞2c Ͼ 3,600 cm Ϫ1 at t ϭ 0. The red line identifies the small fraction (10%) of the configurations at t ϭ 0 that quench into HB (stable HB), and the black line shows the configurations that quench into NHB (unstable HB). The t ϭ 0 value is the fraction of stable NHB or HB that are initially hydrogen-bonded. The dotted violet line shows the equilibrium hydrogen-bond fraction (89%). We applied our quenching procedure to the high-frequency distribution of molecules with instantaneous frequency Ͼ3,600 cm Ϫ1 (Fig. 4) . Roughly 7% of the equilibrium configurations begin with OH Ͼ 3,600 cm Ϫ1 . Of these, 70% begin as NHBs, but only 10% remain NHBs after quenching. We assert that only these persistent NHBs constitute broken hydrogen bonds. The remaining NHBs are not members of a separate stable state, belonging instead to the basin of attraction of intact hydrogen bonds. The fate of NHBs at ambient temperatures supports this distinction. We have classified configurations with OH Ͼ 3,600 cm Ϫ1 as either stable NHBs (NHB when quenched) or unstable NHBs (HB when quenched). Fig. 4 shows how the hydrogenbonded fraction for these two groups of configurations returns to the equilibrium fraction of hydrogen bonds (89%). The stable group clearly persists as NHBs over longer times. But even this rare collection decays quickly, with a rate of Ϸ(200 fs) Ϫ1 . These quantities demonstrate conclusively that even the most strained hydrogen bonds persist as NHBs for only a few hundred fs. Broken hydrogen bonds that persist for 1 ps or longer are extremely rare. § § A typical configuration of liquid water has many instances of water molecules with apparently broken hydrogen bonds. Our experimental and theoretical results support the picture of Fig.  1C , in which a great majority of these NHBs are in fact just frequent excursions within the basins of attraction for hydrogenbound molecules. Intermolecular motions, most likely librations on the 50-fs time scale, push the NHBs into a new HB or back to the original HB. In either case, the result is a rapid red shift in OH . Our conclusions stand in contrast to studies of water and aqueous solutions that treat various hydrogen-bonded species as chemically distinct states and examine experiments as a mixture of these hydrogen-bonded environments.
To categorize the hydrogen-bonding free energy surface, simple structural criteria used broadly in chemical and biological physics are insufficient. Our results show that neither standard geometric criteria nor the value of the OH frequency can successfully predict the fate of an NHB upon quenching. Given the failings of these classifications, we suggest that a persistence time longer than the intermolecular motion of the system should be specified to define HB and NHB species. Such a definition is taken for granted for a covalent bond, for which a stable (bound) state must persist for longer than a vibrational period. For hydrogen bonds in liquids, characterization of structure and kinetics as a function of persistence time is less common (1, 27, 28) . Our results argue for a perspective originally stated several decades ago, that if NHBs are unstable, then theoretical and experimental studies of water's structure in terms of broken hydrogen bonds will ''produce indecisive or contradictory results'' (1). Such approaches attach a meaning to broken hydrogen bonds that should be reconsidered. For natural fluctuations at equilibrium, a broken hydrogen bond that is stabilized by liquid disorder appears to be more of a curiosity than a key player.
